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Fermentation Strategies for Recombinant Protein Expression in the
Methylotrophic Yeast Pichia pastoris
Wenhui Zhang, Mehmet Inan, and Michael M. Meagher*
Biological Process Development Facility, Department of Chemical Engineering, University of Nebraska-Lincoln,
Lincoln, Nebraska 68583-0919, USA
Abstract Fermentation strategies for recombinant protein production in Pichia pastoris have
been investigated and are reviewed here. Characteristics of the expression system, such as
phenotypes and carbon utilization, are summarized. Recently reported results such as
growth model establishment, application of a methanol sensor, optimization of substrate
feeding strategy, DOstat controller design, mixed feed technology, and perfusion and continuous culture are discussed in detail.
Keywords: Pichia pastoris, methylotrophic yeast, fed-batch growth, fermentation optimization, growth modeling, recombinant protein expression

INTRODUCTION
Prokaryotic expression systems are often preferred
for the economical production of heterologous proteins
from eukaryotic cDNAs. However, some eukaryotic
proteins that are produced in prokaryotic cells are unstable or may lack biological activity. Yeast offers certain advantages over prokaryotic hosts, and as eukaryotes, the intracellular environment is generally more
suitable for correct folding of eukaryotic proteins. Yeast
also has the ability to glycosylate proteins, which may
be crucial for biological activity [1]. Saccharomyces cerevisiae was the first eukaryotic expression system to be
used, and remains the most common due to the vast
amount of information available on its genetics and
physiology. However, expression of heterologous proteins in Saccharomyces is not always optimal for largescale production due to problems such as loss of the
plasmid during scale-up, hyperglycosylation, and low
protein yield [2]. The methylotrophic yeast, Pichia pastoris, has been developed for expression as an alternative
to S. cerevisiae. Advantages of the Pichia expression system include: growth to very high cell densities in a
simple defined medium, strongly inducible promoters,
and commercially available methods, host strains, and
expression vectors for genetic manipulations (Invitrogen Corporation, Carlsbad, CA, USA) [3].
Phenotypes of P. pastoris
The genome of P. pastoris contains two copies of the
alcohol oxidase gene, AOX1 and AOX2, which allow for
*Corresponding author
Tel: +1-402-472-2342 Fax: +1-402-472-1693
e-mail: mmeagher@unl.edu

growth on methanol as the sole carbon source. The
AOX1 promoter regulates 85% of the alcohol oxidase
activity in the cell, and is the promoter used to drive
heterologous protein expression in Pichia. The ‘AOX1
promoter-Gene X’ expression cassette is inserted into
the Pichia genome along with a histidinol dehydrogenase gene (HIS4) or a drug resistant gene such as zeosin,
for selection of transformed cells in his- host strains, i.e.
GS115 (his4). Insertion of the expression cassette into
the HIS4 or AOX1 locus, by single crossover integration,
generates a Mut+ strain (methanol utilization plus), a
phenotype whose growth characteristics are indistinguishable from wild type P. pastoris. Alternatively, when
the expression cassette is inserted within the AOX1
locus by double crossover gene transplacement, the
Muts strain (methanol utilization slow) is generated [2].
Another way of obtaining a Muts phenotype is by disruption of the AOX1 gene via gene insertion i.e. KM71
(arg4 his4 aox1∆::SARG4) [4]. The P. pastoris KM71
strain grows very slowly in media containing methanol
as the sole carbon source because of the defective AOX1
gene [5].
A third host strain used for heterologous protein expression is the Mut− (methanol utilization minus) strain
in which both the AOX1 and AOX2 genes are disrupted
i.e. MC100-3 (arg4 his4 aox1∆::SARG4 aox2∆::Phis4) [6].
The alcohol oxidase defective strain, MC100-3, cannot
utilize methanol as its sole carbon source. The inability
to grow on methanol requires the use of alternate carbon source, such as glycerol, for growth and recombinant protein production. However non-limiting glycerol concentrations in shake flask culture can cause repression of the AOX1 promoter and may result in production of ethanol, also a strong repressor of the AOX1
promoter [7].
Protease deficient strains of P. pastoris (SMD series)
have been developed because some secreted foreign pro-
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teins are unstable in the P. pastoris culture medium. Although native proteases of P. pastoris are not secreted
into the fermentation medium, cell lysis can occur, especially at high cell densities, releasing proteases. This
problem may be overcome by using protease deficient
host strains [8].
For secretion of foreign proteins, vectors contain a
DNA sequence immediately following the AOX1 promoter that encodes a secretion signal. Examples of secretion signals in Pichia are the S. cerevisiae α-factor
prepro signal sequence [9,10], and the P. pastoris acid
phosphotase gene (PHO1).
Carbon Utilization and Their Regulations in
Methylotrophs
Following isolation of methanol utilizing yeast [11],
the sequences of reactions of methanol oxidation and
assimilation were established, and the corresponding
enzymes have been isolated and well characterized [1214].
Methylotrophic yeast, belonging to genera of Pichia,
Hansenula, Torulopsis and Candida, possesses a general
methanol utilization pathway that is highly compartmentalized in methanol-induced microbodies, peroxisomes, and cytoplasm (Fig. 1) [13,14]. Methanol enters
the peroxisome and is oxidized to hydrogen peroxide
and formaldehyde by alcohol oxidase, utilizing oxygen
as an electron acceptor. The peroxide is oxidized to water and oxygen by peroxisomal catalase. Formaldehyde
enters the cytosol to some extent, where it forms a
complex with reduced glutathione and is oxidized to
carbon dioxide by two subsequent dehydrogenase reactions. In the first step, formaldehyde dehydrogenase
catalyzes the production of formate, subsequently,
from which carbon dioxide is generated by the action of
formate dehydrogenase [15].
Methylotrophic yeast also contains the NADH dependent formaldehyde reducing enzyme, formaldehyde
reductase, which reduces formaldehyde to methanol
[13]. This enzyme was determined to be one of three
alcohol dehydrogenases in P. methanolica. It has been
suggested that formaldehyde reductase, together with
alcohol oxidase, form the futile cycle, which regulates
cellular content of formaldehyde and NADH.
In the assimilatory pathway, formaldehyde that remains in the peroxisome reacts with xylulose-5phosphate. In this reaction, catalyzed by dihydroxyacetone synthase, two C3 compounds, dihydroxyacetone
and glyceraldehyde-3-phosphate, are produced. These
compounds are further metabolized in the cytosol to
eventually regain xylulose-5-phosphate in a cyclic
pathway. One-third of the glyceraldehyde-3-phosphate
produced becomes available for central metabolism and
the generation of biomass.
Methylotrophic yeast is similar to other yeast in
their ability to utilize ethanol and acetate. Ethanol is
oxidized through acetaldehyde to acetate, which serves
to synthesize acetyl-coenzyme A. Acetyl-CoA is subsequently oxidized via enzymes of the tricarboxylic acid

Fig. 1. Methanol metabolism pathways and their compartmentation in methylotrophic yeasts [13]. 1) alcohol oxidase,
2) catalase, 3) formaldehyde dehydrogenase, 4) formate dehydrogenase, 5) dihydroxyacetone synthase, 6) dihydroxyacetone kinase, 7) fructose-1,6-bisphosphate aldolase, 8) fructose1,6-bisphosphotase, 9) formaldehyde reductase.

cycle (citrate synthase and aconitase) and specific C2
metabolic glyoxylate cycle enzymes (isocitrate lyase
and malate synthase) which are localized in another
type of microbody, the glyoxysome [16].
Glycerol is utilized as a carbon source under aerobic
condition by methylotrophic yeast. The catabolic
pathway involves passive diffusion across the plasma
membrane, phosphorylation by a glycerol kinase, and
oxidation by a mitochondrial glycerol phosphate ubiquinone oxireductase [17]. Glycerol enters glycolysis
after its conversion to glyceraldehyde 3-phosphate, and
requires respiration to dispose of NADH in order to
serve as an energy source.
Regulation of methanol metabolism in yeast is a very
complex process including control of synthesis and activation of the corresponding enzymes as well as their
degradation [14]. Synthesis of methanol metabolizing
enzymes is induced by methanol, formaldeyde, and
formate and is repressed by glucose and ethanol
[14,18,19]. Regulation and glucose repression of the key
enzyme in methanol oxidation, alcohol oxidase (AOX),
occurs at transcription level [20,21].
Since AOX, dihydroxyacetone synthase, and catalase
are all located in membrane bound peroxisomes, synthesis of these enzymes is associated with proliferation
of these organelles [14]. When cultures of H. polymorpha
or P. pastoris that are grown on methanol are transferred
to media containing glucose or ethanol, the peroxisomes (and the enzymes contained within them) are
actively destroyed. This active degradation is due to
fusion of peroxisomes with vacuolar vesicles followed
by proteolysis, and has been called degradative inacti-
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vation [14,22].
Although the host and vector system and a fed-batch
fermentation process have been developed for the Mutstrain [7,23], the use of Mut− strain of P. pastoris as an
expression host has been limited. After transforming
the Mut− strain with the appropriate expression vector,
screening for the best expression clone is difficult because the common sources of carbon, e.g. glycerol, glucose, and ethanol cannot be used since they all repress
the AOX1 promoter. The Mut− strain can not utilize
methanol as a sole carbon source; therefore, we investigated alternate carbon and energy sources. A P. pastoris
Mut− strain expressing β-galactosidase was grown in
minimal media. Results indicate that glucose, glycerol,
ethanol, and acetate all repress the expression of βgalactosidase (unpublished data). However, Pichia
growing in media containing trehalose, alanine, sorbitol,
and mannitol expressed equivalent, or greater amounts
of β-galactosidase compared to a Mut+ strain. But the
Mut− strain required methanol for induction of the
AOX1 promoter, and in the absence of methanol βgalactosidase was not expressed, further confirming
that the AOX1 promoter is regulated by an inductionrepression mechanism and not by derepression. [24].
On the contrary, the methanol oxidase (MOX) promoter of Hansenula polymorpha is derepressed in limited
glucose and glycerol media. Chauhan et al. [25] have
also found that addition of supplemental alanine and
casamino acids improved the hepatitis B virus surface
antigen (HBsAg) in shake flask cultures and under fermentor conditions. Interestingly enough, the addition
of sorbitol decreased HBsAg expression. In continuous
fermentation of P. pastoris, the use of sorbitol in mixed
feed has improved the expression of human matrix
metalloproteinases [26]. Sears et al. [27] have observed
bacterial β-glucuronidase (GUS) activity when cells
were grown in mannitol as the sole carbon source, but
we did not observe β-galactosidase expression from
cells grown on mannitol unless methanol was also
added. This may have been due to differences in the
expression vector or reporter gene.
Investigating alternate carbon sources in shake flask
cultures will promote the use of the Mut− strain as a
host and could reduce the need for explosion-proof facilities that are needed for handling large amounts of
methanol required for growing the Mut+ strain of P.
pastoris. It may also reduce the time associated with
screening for transformants, and for selecting the best
clones for fermentation scale-up.
Previous studies [7,23,28] revealed that during the
batch, fed-batch, or induction phase, the use of glycerol
results in ethanol production. Ethanol repression of the
AOX1 promoter was investigated using the GS115
(Mut+) host, expressing intracellular β-galactosidase.
The addition of 10 mg/L of ethanol at the start of
methanol induction delayed β-galactosidase production
and methanol utilization for four hours in shake flask
experiments. When ethanol and acetate were added
together, all of the ethanol was converted to acetate; this
also repressed the AOX1 promoter (unpublished data).
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Basic Fermentation Protocols
The high salts/high cell density fermentation invention by Wegner et al. [29] provided a reference for developing P. pastoris fermentation technology for recombinant protein production. Using P. pastoris which expressed bovine lysozyme c2 as a model system, Brierley
et al. [5] first reported a fermentation protocol for Muts
and Mut+ strains, which resulted in an expression of
lysozyme c2 up to 600 mg/L. Similar protocols were
also reported by Brierley et al. [30,31] and Siegel et al.
[32]. Fermentation protocols for Pichia generally include
three separate phases. First is the glycerol batch phase
(GBP), in which cells are initially grown on glycerol in a
batch mode. In the second phase, the glycerol fed-batch
phase (GFP), a limited glycerol feed is initiated following exhaustion of the glycerol, and cell mass is increased to a desired level prior to induction. Furthermore, the AOX1 promoter is derepressed during this
phase due to the absence of excess glycerol. The third
phase is the methanol fed-batch phase (MFP), in which
methanol is fed at a limited feed rate or maintained at
some level to induce the AOX1 promoter for protein
expression. A limited glycerol feed can be simultaneously performed for promoting production when necessary.
Invitrogen Co. is authorized by RCT (Research Corporation Technologies, USA) to develop and sell the
Pichia expression system for research purposes, and
provides a product manual entitled “Pichia Fermentation Process Guidelines” (also available at http://www.
invitrogen.com) [33]. These guidelines are mainly derived from the protocols of Brierley et al. according to
its citations. The protocol discussed above is now considered be a standard one, though it may not be the
optimum. Stratton et al. [34] have contributed an integral and comprehensive review for Pichia high celldensity fermentation which can also serve as a practical
guideline. The purpose of this paper is to focus on those
aspects not discussed or reviewed before, such as recently developed methanol feeding strategies for optimal protein production.

CULTURE MEDIUM
Basal salts medium (BSM) plus a PTM1 trace minerals solution is commonly employed for Pichia high cell
density growth [33]. BSM consists of (per L) 26.7 mL
85% H3PO4, 0.93 g CaSO4, 18.2 g K2SO4, 14.9 g MgSO4 ⋅
7H2O, 4.13 g KOH, and 40.0 g glycerol; and PTM1 consists of (per L) 6.0 g CuSO4 ⋅ 5H2O, 0.08 g NaI, 3.0 g
MnSO4 ⋅ H2O, 0.2 g Na2MoO4 ⋅ 2H2O, 0.02 g H3BO3, 0.5
g CoCl2, 20.0 g ZnCl2, 65.0 g FeSO4 ⋅ 7H2O, 0.2 g biotin
and 5.0 mL H2SO4. It is recommended that 4.35 mL
PTM1 be added per L of BSM to compose the initial
medium. The elements contained in this medium are
calculated and shown in Table 1, which is close to the
upper range recommended by Wegner [29]. This level of
basal elements can support growth up to 130 g/L DCW
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Table 1. Elemental content in the initial medium composed
of BSM plus 0.435% v/v PTM1 and a comparison to Wegner ’s
preferred rage [29]
Element BSM+4.35mL PTM1/L Wegner ’s preferred range
Basal
P
K
Mg
Ca
S
Trace
Fe
Zn
Cu
Mn
Na
I
Mo
B
Co
Cl

mol/L
0.232
0.282
0.061
0.0068
0.173
mmol/L
1.018
0.638
0.105
0.077
0.0095
0.0023
0.0036
0.0014
0.017
1.310

g/L
7.17
11.04
1.47
0.27
5.56
mg/L
56.83
41.73
6.64
4.24
0.22
0.29
0.35
0.015
0.99
46.45

g/L
2.2-10
1.5-10
0.3-1.2
0.08-0.8
0.2-5
mg/L
9-80
3-40
1-10
0.9-8
-

(about 450-500 g/L WCW) in fed-batch fermentation
supplemented with PTM1. Table 1 can serve as a reference for modifying a medium when needed. Biotin is
employed as a growth factor and is included in PTM1.
It is recommended that PTM1 solutions be stored at
room temperature to prevent biotin crystallization.
The above medium (BSM+0.435% PTM1) will show
some cloudiness when the pH is adjusted to 5.0, due to
the very low solubility of orthophosphate (HPO42-)
with Mg2+, Ca2+, and the other polyvalent cations present in PTM1 trace metals [35]. This slight precipitation is acceptable and will disappear with cell growth.
But a much heavier precipitate will be induced when
the pH is greater than 5.0, and will cause problems
such as an unbalanced nutrient supply or nutrient starvation, difficulty in cell density measurement, arduous
downstream processing, etc. Therefore, Oehler et al.
[36] presented an alternative medium in which sodium
hexametaphosphate (or polyphosphate glass), a nonphosphate-precipitate forming compound, is employed
as an alternate phosphate source to phosphoric acid.
This medium consists of (per L) 25 g sodium hexametaphosphate, 0.93 g CaSO4, 18.2 g K2SO4, 14.9 g
MgSO4 ⋅ 7H2O, 9 g (NH4)2SO4, 40.0 g glycerol, and
0.435% PTM1. Sodium hexametaphosphate solutions
must be prepared separately and filter sterilized, otherwise a heavy precipitate will occur when autoclaved
together with other components. This medium will not
elicit any precipitate below pH 8.5 and can support a
growth up to 450 g/L WCW. Four recombinant proteins
(three methanol induced and one constitutively expressed) were successfully produced using this medium,
which demonstrates a viable alternative to using
BSM+ 0.435% PTM1 when fermentations are run at a
pH greater than 5.0.

A 50% w/v glycerol solution containing 1.2% v/v
PTM1, and a 100% methanol solution containing 1.2%
v/v PTM1 are recommended for use as feed solutions
for the glycerol fed-batch phase and methanol fedbatch phase, respectively [33]. Supplementation with
PTM1 in the feed solutions is based on findings of Siegel et al. [37] whereby trace mineral deficiencies could
occur at high cell density that may decrease cell yield
and limit protein expression. Siegel et al., using this
method to produce bovine lysozyme, found that cell
yield increased from 0.3 to 0.4 mg/L/h and protein production increased from 4 to 15 mg/L/h, when the deficiency was corrected. This phenomenon was also observed in high cell density fermentation of the methylotrophic yeast Hansenula polymorpha and Candida boidinii in which a substantial decrease in yield occurred
when the concentrations of Ca2+ and several trace elements were insufficient [38]. However, Brierley [39]
found that with insulin-like growth factor I (IGF-I)
production, the actual amount of PTM1 could be reduced from the recommendations set forth by Invitrogen [33]. In his fermentation process, there was only a
single PTM1 addition of 2 mL/L BSM at the start of the
fermentation, and PTM1 was not included in the glycerol and methanol feed solutions. This illustrates that
the PTM1 requirement may vary for different processes
and proteins. It is therefore recommended that excess
PTM1 be used (as described above) if one is not sure
how a low level will impact cell growth or protein expression.

GLYCEROL
PHASE

BATCH

AND

FED-BATCH

The purpose for running glycerol batch and glycerol
fed-batch phases is to generate a desired amount of cell
mass prior to protein production. The strategies to run
GBP and GFP are the same for all three phenotypes of
strains: Mut+, Muts and Mut− since their growth on
glycerol are similar [23]. A cell density of about 100 g/L
WCW can be generated at the end of GBP when employing BSM+0.435% PTM1 medium with 40 g/L of
glycerol. If the desired cell mass is less than 100 g/L
WCW, there is no need to run a GFP, and glycerol concentration in BSM can be modified to meet the needed
amount of cell mass. We have determined that the cell
yield on glycerol (Yx/g) is 2.57 g WCW/g glycerol. Assuming a desired cell density of Xgb (< 100 g/L) by the
end of GBP, the initial glycerol needed in BSM can be
estimated as Xgb/2.57. A glycerol concentration over 40
g/L could inhibit growth in GBP [33]. Chiruvolu et al.
[23] determined that a 0.5-2.4% level of ethanol was
produced when the initial glycerol level was over 7%,
and Brierley [31] recommends a maximum of 6%.
Running GFP enables the generation of high cell densities, which is one of the advantages of P. pastoris as an
efficient expression system. The feed rate (Fgf) is usually set to a growth-limited level to avoid glycerol accumulation for derepression of the AOX1 promoter [31].
Feed time (tgf) will depend on the desired cell den-
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and heat transfer remains high enough to support the
high growth rate at high cell density. Assuming we set
µgf = kgfµgm (kgf ≤ 1), the exponential feed will have a
profile of Eq. (3):

Fgf = k gf ν gm X gbe

Fig. 2. Cell growth prediction in GFP. Line A (Xgf) and C (Kvgf)
are from the exponential feed profile of Eq. (3) with k = 0.9;
Line B (Xgf), D (Kvgf) and E (µgf) are from feed profile Fgf =
18.15 mL ⋅ h−1 ⋅ L−1 suggested by Invitrogen [33].

sity (Xgf). Invitrogen guidelines [33] suggested a Fgf of
18.15 mL ⋅ h−1 ⋅ L−1 (mL of 50% w/v glycerol+1.2%
PTM1 per h per L initial fermentation volume) over 4 h
to produce an Xgf of 180-220 g/L. We have determined
the maximum specific growth rate on glycerol (µgm) to
be 0.177 h-1, and the maximum glycerol specific consumption rate (νgm) to be 0.0688 g ⋅ g−1 ⋅ h−1. Assuming
the volume of inoculum (Vino), samples (Vsamp) and fed
ammonium (Vn) are not considered, for an Xgb = 100
g/L, a prediction of µgf, Xgf, and volume increasing factor (Kvgf) in the GFP can be calculated. This is shown as
Line E, B and D in Fig. 2, respectively, when setting Fgf
= 18.15 mL ⋅ h−1 ⋅ L−1. Kvgf is a factor defined as Eq. (1)
and involved in Eq. (2) for calculating the volume increase:
t

K vgf = ∫ Fgfdt 1000
0

V gf = (1 + K vgf )V BSM + Vino + Vfn − Vsamp

(1)
(2)

Where Vgf is broth volume during GFP, and VBSM is the
initial BSM volume in GBP. Line E shows that Fgf =
18.15 mL ⋅ h−1 ⋅ L−1 actually provides an excess of glycerol which can support cells growing at a maximum
rate, µgm = 0.177 h--1 for 3 h. The µgf drops to about 0.13
h-1 immediately after 3 h due to exhaustion of excess
glycerol, and continues to decrease thereafter. Therefore,
limited growth does not occur until 3 h into this feeding profile. Line B shows that Xgf increases almost linearly after 3 h and takes about 15 h to reach 350 g/L
WCW.
For intracellular production, the methanol fed-batch
phase could be as short as 10 h [40], thus cell mass generation up to 350-400 g/L WCW in the GFP is required
for maximum protein production in the MFP. In this
case, an exponential feeding profile, where µgf is set to a
value close to µgm, is an alternative to efficiently generate high cell mass, while fermentor capacity for oxygen

kµ gm t

(3)

Line A and C in Fig. 2 show predictions of Xgf and Kvgf,
respectively, when setting k = 0.9 and Xgb = 100 g/L.
Compared to Line B and D, respectively, this feed profile results in faster increases of Xgf and Kvgf after tgf =
4.5 h. Thus, it is more beneficial to run the exponential
profile when a large amount of cell mass must be generated in a short time. It will only take about 9.5 h to
reach a Xgf = 350 g/L and Kvgf = 0.27 as compared to 15
h when running the profile Fgf = 18.15 mL ⋅ h−1 ⋅ L−1 as
suggested by Invitrogen [33]. When fermentor capacity
for oxygen or heat transfer becomes the growthlimiting factor, kgf can be set to a smaller value to lower
the growth rate. Then growth becomes limited by glycerol rather than oxygen supply or heat transfer, thus
avoiding glycerol accumulation.

METHANOL FED-BATCH
MUT+ STRAIN

PHASE

FOR

Methanol Adaptation Improvement
As described before, strains with different phenotypes differ in methanol assimilation. The Mut+ strain
can use methanol as sole carbon and energy source during protein production. It usually takes 4-5 h for cells to
adapt to methanol after switching from glycerol when
running the standard Invitrogen feed protocol [33,34].
This protocol suggests that a methanol feed rate of 3.6
mL ⋅ h−1 ⋅ L−1 (per mL of 100% methanol+1.2% v/v
PTM1/ h/L initial BSM volume) starts after stopping
the glycerol feed, and lasts until cells reach a full adaptation as indicated by a decrease in DO, followed by an
increase in the feed rate. This transition phase can be
shortened to 1.5-2 h by using an improved protocol [40],
in which a limited glycerol feed is supplemented while
cells are adapting to methanol. This supplement can
strongly support cells to synthesize alcohol oxidase
(AOX) while the AOX promoter is derepressed and induced, thus accelerating the adaptation to methanol.
Fig. 3 shows the profile of this transition phase. At ttr =
0, 1.5 g/L methanol is added to the medium to start the
induction, while simultaneously a glycerol feed of Fgtr =
13.3 mL ⋅ h−1 ⋅ L−1 is initiated and set to decrease linearly
to 4.4 mL ⋅ h−1 ⋅ L−1 over 2 h and then stop. Methanol
concentration (Str) was monitored with a methanol
sensor. It was observed that methanol was not consumed during the first half hour, and after that, Str
started to drop and the methanol was almost depleted
by ttr = 1.5-2 h. This indicated that the cells were already fully modulated and ready for the methanol feed.
The improved design leads to a more efficient methanol
adaptation as compared to the Invitrogen protocol [33].
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Fig. 3. Transition phase (TRP) profile. ttr: transition time; Fgtr:
glycerol feed rate in TRP; Str: methanol concentration in TRP.

Fig. 4. Growth model predicting the relationship between
specific growth rate and methanol concentration.

For both protocols, in order to transition successfully,
one must first observe a DO spike (terminating the
carbon feed and timing how long it takes for the DO to
rise) to ensure that all the glycerol in GFP is exhausted
before initiating the transition phase.

Where νm is the methanol specific consumption rate, νn
is the ammonium specific consumption rate, and Yx/m
the observed cell yield on methanol. Eq. (7) is derived
from Eq. (5). From these equations, the following kinetic parameters were educed: true cell yield on methanol Yx/m, t = 1.19 g/g, on ammonium Yx/n, t = 7.14 g/g;
maintenance coefficient on methanol Mm = 0.0071
g/g/h, on ammonium Mn ≈ 0. Based on the growth
model, a methanol feeding strategy can be rationally
designed to maximize protein production.

Growth Model
The impact of methanol concentration on growth of
Mut+ Pichia strains has been reported. Brierley et al. [5]
observed that the Mut+ strain was very sensitive to
changes in the residual methanol level. Guarna et al
[41] compared limited growth to growth while maintaining methanol at 0.3% (v/v) in shake flasks. Katakura et al. [42] determined the specific growth rates on
methanol at several levels. However, a growth model
describing the relationship between specific growth
rate and methanol concentration had not been reported
until Zhang et al. [40] revealed an unstructured methanol growth model using a Mut+ Pichia strain for
intracellular expression of Heavy-Chain Fragment C of
Botu-linum Neurotoxin Serotype A [BoNT-A(Hc)] as a
model system, which is expressed as Eq. (4), also shown
in Fig. 4:
µ=

0.146S
1.5 + S + S 2 8.86

(4)

Where µ is specific growth rate on methanol and S is
methanol concentration. Fig. 4 shows that a maximum
growth rate µm = 0.08 h-1 is predicted when S = Sc =
3.65 g/L. The growth characteristics are divided into
two regions based upon the µm. To the left of this point
(region A) is the growth limited region (S < Sc) and to
the right (region B) is the growth inhibited region (S >
Sc). When S < Sc, Eq. (5), (6) and (7) were determined:

ν m = 0.84µ + 0.0071

(5)

ν n = 0.14µ

(6)

Yx m = µ / ν n = 1.19 − 0.01 /(0.0085 + µ )

(7)

Methanol Feeding Strategy
The feeding strategy from Invitrogen’s guidelines
[33] is typically used as a reference to run a methanol
fed-batch phase, and suggests a stepwise increase of
feed rate: 0-∼5 h, 3.6 mL ⋅ h−1 ⋅ L−1; ∼5-∼7 h, ∼7.3 mL ⋅
h−1 ⋅ L−1; ∼7 -∼70 h, ∼10.9 mL ⋅ h−1 ⋅ L−1. Brierley [31]
made some changes to this protocol for IGF-I production, namely ∼7- ∼24 h, ∼11 mL ⋅ h−1 ⋅ L−1; ∼24-∼70 h,
∼13 mL ⋅ h−1 ⋅ L−1. It is recommended that one perform
DO spikes to make sure that growth is limited by
methanol during the phase after adaptation. The entire
MFP lasts approximately 70 h with a total of approximately 740 mL of methanol fed per liter of initial volume. This protocol only works when a certain amount
of cell mass is generated by the end of GFP following
Invitrogen’s guidelines [33]. The feed rate design was
developed empirically, and the resultant µ was inconstant as predicted based on our growth model [40] and
shown in Fig. 5. A different growth rate could result in
a different production rate in fed-batch fermentation
[43-45], thus the feeding strategy must be optimized to
achieve a maximum, high quality production.
Based on Eq. (5), we proposed a rational feeding
strategy that can deliver a constant desired µ for a limited growth, which is expressed as Eq (8):
Fmf = (0.84µ + 0.0071)(X mf0V mf0 )e µt mf

(8)

Where Fmf is the methanol feed rate in g/h that accounts

Biotechnol. Bioprocess Eng. 2000, Vol. 5, No. 4

281

Fig. 5. Predicted µ when performing Invitrogen’s feeding
protocol [33]. Dotted line shows the µ corresponding to Brierley’s modified feed rate after 24 h [31].

for total cell mass, Xmf0 and Vmfo are cell density and
volume at the beginning of MFP, respectively, and tmf is
the methanol feed time. This feeding strategy performs
an exponential Fmf to result in a desired µ, which can be
optimized to maximize protein production. Fig. 6
shows the BoNT-A(Hc) content in cells (α) obtained at
different µ, indicating that the optimum µ is µc =
0.0267 h-1 for a maximum αm = 1.72 mg/g WCW. Based
on the feeding strategy in Eq. (8), and growth model Eq.
(4-6), the following equations (9-14) were derived to
predict the growth parameters. In this simulation, µ <
µm = 0.08 h-1, S < 3.65 g/L, and Xmf < 450 g WCW/L,
which was found to be the maximum Xmf that BSM
medium supplemented with PTM1 trace minerals can
support.
X mfVmf = (X mf0Vmf0)e µtmf

(9)

Vm = (0.84 µ + 0.0071)(X mf0Vmf0)(e
Vn = 0.14(X mf0Vmf0)(e

µtmf

− 1) / 0.9

µtmf

− 1)/0.79 µ

(10)
(11)

Vmf = Vmf0 + Vfm +Vfn

(12)
X mf = µX mf0e µtmf /[ µ + (1.22µ + 0.009) X mf0(e µtmf − 1 )] (13)

S = f (µ) (rewritten Eq.4) )

(14)

Methanol Sensor
Using a methanol sensor to keep S constant during
the MFP was another strategy Zhang et al. [40] employed to substitute for the programmed feed rate to
obtain a constant µ based on the growth model Eq. (4).
When growth is methanol-limited and S is too low to
be controlled well by the sensor, the programmed
method works better than methanol control, but when
running a MFP at high S, on-line methanol monitoring
and control becomes necessary to keep a constant S. A
Figaro model TGS822 SnO2 organic vapor sensor (Figaro
Engineering Inc., Osaka, Japan) is commonly used to
equip a methanol/ethanol on-line sensing device
[41,42,46,47]. Based on the gas-liquid phase equilibrium,
there are two techniques for using the sensor to monitor

Fig. 6. Effect of µ on α in a methanol-limited fermentation.

the methanol in fermentation broth. One method detects the methanol vapor in off-gas [42,46], while the
other detects methanol vapor that permeates from the
broth across a silicone tube [41,47]. A hollow silicone
tube is submerged into the fermentor where methanol
in the broth diffuses through the tubing, is picked up
by a stream of air, and is carried to an external sensor.
Both techniques have been applied to the manufacture
of commercial products such as the model MC-168
Methanol Controller (PTI Instruments Inc., USA), and
the model 2.1 Methanol Sensor (Raven Biotech Inc.,
Canada).
With a methanol sensor, Guarna et al. [41] maintained a methanol level at 0.3% v/v in a shake flask culture and achieved a five-fold increase in volumetric protein production over levels obtained using the conventional fed-batch protocol. Zhang et al. [46] and Katakura et al. [42] studied effects of methanol concentration on specific production rate and found that maintaining some level of methanol supplemented with
glycerol feed could result in a high production rate. We
used an MC-168 Methanol Controller to develop the
growth model and production model [40]. Since the
TGS822 sensor response is very sensitive to the gas
flow rate passing through the sensor, it is critical to
maintain a constant flow rate in order for the sensor to
work accurately. We recently incorporated a gas flow
controller (MFC 1104 Thermal Mass Controller, Dwyer
Inc., USA) into the MC-168 and greatly improved the
control performance. PID control of the methanol level
was realized when interfaced with the AFS-BioCommand control system (New Brunswick Scientific
Co., USA) or a PLC control system for our ABEC 500 L
fermentor (Associated Bio-Engineers & Constructions,
Inc., PA, USA). Fig. 7 shows the diagram of this methanol control system. Controller ‘d’ directs a 10-100
mL/min flow of carrier air while ‘e’ directs a 10-100
mL/min flow of off-gas. The methanol measurable
range can be adjusted by changing the off-gas to carrierair ratio. While oxygen concentration in the off-gas varies, carrier air also functions to maintain a relatively
stable level of oxygen passing through the sensor to
eliminate the variation effect on the sensor response.
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DOstat. For maintaining a desired DO set point, this PI
controller delivers an output signal, p(t) (percent full
scale), to control the methanol feed pump (actuator):
1 t
p(t ) = p ss +K c [e (t )] + ∫ e (t )dt
τI 0

Fig. 7. Schematic diagram of a methanol control system. !
mass flow direction; " controlling signal flow direction. (a)
fermentor, (b) methanol feed pump, (c) methanol reservoir,
(d) MFC 1104 controller for carrier air flow, (e) MFC 1104
controller for off-gas flow, (f) self-locking filter, (g) MC-168
Methanol Controller, (h) Figaro TGS822 alcohol sensor, (i)
AFS-BioCommand or PLC fermentation control system, (j)
valve.

Where pss is the output under an open-loop condition,
Kc is the proportional controller constant, τI the integral controller constant which is set to 2000 seconds,
and e(t) is the deviation of dissolved oxygen from the
desired set point. Based on the metabolic and operational parameters, the controller stability criteria were
derived by frequency response analysis and the Bode
stability criterion. This allowed the Kc to be decided
within a certain range and changed with the metabolic
and operational parameters to attain a stable DOstat.
This strategy is applicable and relevant to controller
design in many industrial settings where high cell densities and oxygen transfer limitation are often encountered.

The system can be protected by installing a self-locking
double layer 0.8 µm filter ‘f ’ (Drummond Scientific
Company, PA, USA). This system can control methanol
concentration within the 0.5-30 g/L range.

INDUCTION PHASE FOR MUTs AND
MUT− STRAINS

Mixed Feed

In a standard Muts fermentation, maintaining an excess of methanol not exceeding 0.3 % is recommended
[33], and the methanol feed rate must be adjusted empirically if on-line methanol control is not available.
Mixed glycerol-methanol feeding strategy was also ascertained to be highly efficient for obtaining a high
productivity [5,30,32] in Muts strains. Unfortunately,
optimization on both glycerol and methanol feeding are
not yet reported. Anjou et al. [49] developed a growth
model on the mixed feed which was capable of predicting cell growth and methanol utilization. The model
was used to design an exponential feeding strategy for a
constant specific growth rate. This made it possible to
optimize production based on µ in a Muts mixed feed
fermentation. Sorbitol and alanine were considered to
be non-repressing carbon sources and were used in
Muts mixed substrate fermentations to increase protein
production [26]. Chauhan et al. [25] also found that
supplementing with a limited amount of casamino acids or alanine in place of glycerol in a mixed substrate
fermentation resulted in a two-fold increase in expression level of HBsAg (intracellular) compared to that
without the supplement. For substrate feed rate control,
the methanol sensor and DOstat described above for
Mut+ strain could be also applied to Muts.

A mixed (methanol-glycerol) feeding strategy is typically used for Muts and Mut− strains in which only
glycerol can be utilized as the main carbon and energy
source. It was found that by applying mixed feeding to
a Mut+ strain, protein expression was also occasionally
enhanced [42,46], while Brierley et al. [30] report that
mixed feeding resulted in lower productivity than
methanol feeding alone (in which a 4:1 ratio of glycerol: methanol (by weight) was fed instead of methanol). Few mixed feeding studies have been conducted.
Thus, the decision as to which strategy to employ remains a matter of empirical determination. In recent
studies with the intracellular production of a protein
(unpublished data), we found that co-feeding glycerol,
while maintaining a 20 g/L methanol feed resulted in
an approximate 50% increase of intracellular protein
content as compared to that without co-feeding glycerol. This discovery illustrates that cells can tolerate
high methanol levels if they are supported by a simultaneous glycerol feed. In addition, cells can maintain a
high potential for production, induced by high methanol, if a sufficient supply of carbon and energy are provided by co-feeding glycerol. The methanol level and
glycerol co-feeding rate need to be further optimized
within this strategy.
DOstat Controller
Chung [48] designed a metabolic feed controller in
which the methanol feed rate was controlled by a standard proportional-integral (PI) feedback of a closed-loop

Muts Strain

Mut− Strain
Mut− strains cannot assimilate any methanol due to
the AOX deficiency, so glycerol is the sole carbon and
energy source, while methanol functions only as an
inducer. In the induction phase, methanol can be maintained at about 0.5 % (v/v) while a limited glycerol feed
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is performed [7]. Few investigations have been conducted on the optimization of utilizable carbon sources
and substrate feed rates for Mut- strains.

OTHER FERMENTATION STRATEGIES
Perfusion and Continuous Culture
Ohashi et al. [50] studied a perfusion culture for intracellular β-galactosidase production in a Mut+ strain
using a shaken ceramic membrane flask, in which the
culture supernatant was extracted through a ceramic
filter with a mean pore size of 0.2 µm while fresh medium was exchanged. A β-galactosidase volumetric productivity 10 times higher than that obtained in an ordinary fed-batch shake flask culture was readily
achieved by continuous replenishment of the culture
supernatant, and the intracellular content of βgalactosidase was 4.4 times higher. This demonstrated a
high potential for the effectiveness of perfusion culture
for improving intracellular production. This strategy
should be further investigated in fermentors.
Chen et al. [51] ran a continuous fermentation similar to a perfusion culture, in which a rotary membrane
separation system was employed for cell recycling to
obtain high cell concentration. Thrombomodulin was
produced extracellularly in a Muts strain in which expression levels reached 300 mg/L. The total harvested
supernatant was three times the working volume and a
cell density as high as 248 g DCW/L (OD600 = 1836)
was achieved. This strategy may also be applicable to
intracellular production in which high productivity
usually comes from a high cell density.
Digan et al. [52] investigated a standard continuous
fermentation for secreted production of bovine lysozyme c2 by a Mut+ strain of Pichia. When cell density
reached around 120 g/L DCW, a continuous phase was
initiated with a dilution rate 0.05 h−1. The feed solution
was 100 g/h of methanol and 274 mL/h of 4×BSM for
an 8 L working volume. Bovine lysozyme c2 concentration and cell density in the steady state were approximately 350 mg/L and 100 g/L DCW, respectively. One
advantage of continuous culture is high volumetric
productivity, but process optimization is necessary to
reach this goal.
Isotopically Labeled Protein Production
Wood et al. [53] reported the secreted production of
isotopically labeled thrombomodulin in a Muts strain.
For 15N-labeling, (15NH4)2SO4 was used as the sole nitrogen source instead of NH4OH because of its lower
cost than 15NH4OH. A mixture of KOH and NaOH was
used to maintain pH. It was found that the high ionic
strength due to formation of Na2SO4 and K2SO4 was
built up and inhibited growth, however this problem
was solved with batch-wise addition of (15NH4)2SO4
and refreshing the medium to remove the accumulated
salts. Using this protocol, cells were successfully grown
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and the labeled protein was produced. For 13C-labeling,
13
C-labeled glucose was used as the sole carbon source
in place of glycerol because of its lower cost than 13Clabeled glycerol. However, a 20 minutes of limited glycerol feed prior to induction was required to derepress
the AOX1 and AOX2 promoters, otherwise cells would
not grow, even though the media was exchanged with
fresh media at the beginning of the induction phase.
This could be a special condition for Muts strains in
view of our experience growing Mut+ Pichia on glucose,
as Mut+ cells were able to adapt and utilize methanol
well after 2 h of carbon starvation following glucose
exhaustion (data not shown). In the adaptation phase,
we added 1.5 g/L methanol and monitored methanol
utilization. The methanol feed was not initiated until
the 1.5 g/L methanol was used up which took about 2.5
h. The reason for setting a 2 h starvation period was
due to the observed ethanol production when cells
were grown on glucose. The accumulated ethanol and
other repressors were depleted during the starvation
period. Laroche et al. [9] also reported an isotopic labeling protein production (secreted) by Mut+ strain in
FM22 medium. For 13C-labling, 13C-glucose was employed as sole carbon source in growth phase. When
the culture was shifted from growth phase to induction
phase, the medium was exchanged with fresh FM22
medium containing 0.5% 13C-methanol, but no glycerol
feed was applied prior to the induction. Eight additional pulses of 13C-methanol were supplied to the culture during 53 h of induction phase.
Production Optimization Using RSM
We have recently applied Response Surface methodology (RSM) to optimize pH, temperature and glycerol
feed rate in GFB for the secreted production of hookworm (Ancylostoma caninum) anticoagulant peptide (rAcAP-5) [28]. The RSM is a group of statistical techniques used to evaluate relationships between one or
more measured responses and a number of quantitative
independent variables that may have an important effect on the measured responses. The advantage of RSM
is that it requires fewer treatments than an equivalent
factorial design in order to evaluate how independent
variables affect the measured responses. The optimum
conditions predicted by the models using this methodology were pH 7, 28°C, and 12 g/L/h glycerol feed rate.
The maximum response was 1.2 g/L yield and this correlated well with the experimental data (1.03 g/L).
Strategies to Avoid Protein Degradation
Some proteins are susceptible to proteolytic degradation, which will lower yield and compromise protein
quality. It was found that neutral proteases could be
inhibited by fermentation at pH 3.0 [31,32], and inclusion of casamino acids could decrease protease activity
[54]. Both are applicable strategies. Results obtained in
our laboratory [55] demonstrate that protein stability
in intracellular production was improved when the
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temperature was at 25-27°C as compared to 30°C.
Thus optimization of production temperature may also
minimize degradation. Protease deficient (SMD series)
strains of P. pastoris have also been developed to overcome this problem, however they usually do not grow
as fast as the wild type strains [8]. Recently, Kobayashi
et al. [56] reported that in a secreted production of human serum albumin (rHSA), nitrogen starvation caused
a sudden increase of protease activity in the culture
broth, which resulted in a rapid degradation of the protein. When the ammonium concentration was below
0.3 mg/L, the protease activity and a decrease in the
level of rHSA in the culture broth were observed. While
using an improved medium which contained higher
initial concentration of ammonia and phosphoric acid,
this phenomenon was prevented and a stable production of rHSA of around 1.4 g/L was achieved. It was
also found that pH 4.3 activated the potential protease
activity and caused a high degradation while no degradation occurred at pH over 5.9.
Strategies for Strains with the GAP and FLD1
Promotors
Recently the Pichia pastoris glycerolaldehyde-3phosphate dehydrogenase gene (GAP) [57] and glutathione-dependent formaldehyde dehydrogenase (FLD1)
[58] promoters have been isolated and employed for
expression of heterologous protein production as an
alternative to the AOX1 promoter. The GAP promoter
provides constitutive expression on a variety of carbon
sources such as glucose, glycerol and methanol, reaping
the benefit of not being dependent on methanol for
induction since methanol can be a potential fire hazard.
The use of the GAP promoter is limited to expression of
proteins that are non-toxic to the cell. The FLD1 promoter can be induced by either methanol or methylamine in glucose-containing media. Comparable protein
expression to the AOX1 promoter was obtained from
the FLD1 and GAP promoters [57,58]. The plasmids
carrying the GAP promoters are also available commercially from Invitrogen Corporation (Carlsbad, CA,
USA). Use of these new systems for protein expression
has not yet been fully explored, and fermentation development is requisite for those applications employing
the FLD1 and GAP promoters.
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NOMENCLATURE
AOX
BSM
DO
Fgf

alcohol oxidase
basal salts medium
dissolved oxygen
glycerol feed rate in GFP, mL 50%glycerol+
1.2% PTM1 ⋅ h−1 ⋅ L−1 initial BSM volume

Fgtr
Fmf
GBP
GFP
Kc
kgf
Kvgf
MFP
Mm
Mn
PTM1
RSM
S
Sc
Str
tgf
tmf
TRP
ttr
VBSM
Vgf
Vino
Vm
Vmf
Vmf0
Vn
Vsamp
WCW
Xgb
Xmf
Xmf0
Yx/g
Yx/m,
Yx/m, t
Yx/n, t
α
αm
µ
µc
µgf
µgm
µm
νgm
νm
νn

glycerol feed rate in TRP, mL 50% glycerol+
1.2% PTM1 ⋅ h−1 ⋅ L−1 initial BSM volume
methanol feed rate in MFP, g/h
glycerol batch phase
glycerol fed-batch phase
the proportional constant of PI controller in
Eq. (15)
growth limited degree, < 1
volume increasing factor in GFP defined as in
Eq. (1), L/L
methanol fed-batch phase
maintenance coefficient on methanol,
g MeOH ⋅ (g wcw)−1 ⋅ h−1
maintenance coefficient on ammonium,
g 28% ammonium ⋅ (g wcw)−1 ⋅ h−1
trace minerals solution for P. pastoris growth
response surface methodology
methanol concentration in MFP, h-1
predicted methanol concentration resulting
in a µm, g/L
methanol concentration in TRP, g/L
glycerol feeding time in GFP, h
methanol feed time in MFP, h
methanol transition phase
transition time, h
BSM volume at initial GBP, L
broth volume in GFP, L
inoculum volume, L
fed methanol volume in MFP, L
broth volume in MFP, L
broth volume at the beginning of MFP, L
fed 28% ammonium volume, L
sampled volume, L
wet cell weight by centrifuge at 2000 × g
cell density in GBP, g WCW/L
cell density in MFP, g WCW/L
cell density at the beginning of MFP,
g WCW/L
cell yield on glycerol, g WCW/g glycerol
observed cell yield on methanol, g WCW/g
methanol
true cell yield on methanol, g WCW/g
methanol
true cell yield on ammonium, g WCW/g 28%
ammonium
BoNT-A(Hc) protein content in cells, mg/g
WCW
maximum α at µ = µc, mg/g WCW
specific growth rate on methanol, h-1
optimum µ to obtain αm, h-1
specific growth rate in GFP, h-1
maximum specific growth rate on glycerol, h-1
predicted maximum specific growth rate on
methanol, h-1
maximum glycerol specific consumption rate,
g glycerol ⋅ h−1 ⋅ (g wcw)−1
methanol specific consumption rate in MFP,
g methanol ⋅ h−1 ⋅ (g wcw)−1
ammonium specific consumption rate, g 28%
ammonium hydroxide ⋅ h−1 ⋅ (g wcw)−1
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